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Abstract. Since 1850 the concentration of atmospheric
methane (CH4), a potent greenhouse gas, has more than dou-
bled. Recent studies suggest that emission inventories may be
missing sources and underestimating emissions. To investi-
gate whether offshore oil and gas platforms leak CH4 during
normal operation, we measured CH4 mole fractions around
eight oil and gas production platforms in the North Sea which
were neither flaring gas nor offloading oil. We use the mea-
surements from summer 2017, along with meteorological
data, in a Gaussian plume model to estimate CH4 emissions
from each platform. We find CH4 mole fractions of between
11 and 370 ppb above background concentrations downwind
of the platforms measured, corresponding to a median CH4
emission of 6.8 g CH4 s−1 for each platform, with a range of
2.9 to 22.3 g CH4 s−1. When matched to production records,
during our measurements individual platforms lost between
0.04 % and 1.4 % of gas produced with a median loss of
0.23 %. When the measured platforms are considered collec-
tively (i.e. the sum of platforms’ emission fluxes weighted by
the sum of the platforms’ production), we estimate the CH4
loss to be 0.19 % of gas production. These estimates are sub-
stantially higher than the emissions most recently reported
to the National Atmospheric Emission Inventory (NAEI) for
total CH4 loss from United Kingdom platforms in the North
Sea. The NAEI reports CH4 losses from the offshore oil and
gas platforms we measured to be 0.13 % of gas production,
with most of their emissions coming from gas flaring and
offshore oil loading, neither of which was taking place at the
time of our measurements. All oil and gas platforms we ob-
served were found to leak CH4 during normal operation, and
much of this leakage has not been included in UK emission
inventories. Further research is required to accurately deter-
mine total CH4 leakage from all offshore oil and gas oper-
ations and to properly include the leakage in national and
international emission inventories.
1 Introduction
Methane (CH4) is a greenhouse as well as a precursor of
tropospheric ozone, which is widely regulated as a compo-
nent of photochemical smog. Atmospheric CH4 mixing ra-
tios have increased from 715 ppb in 1850 to 1865 ppb in
February 2019 with an annual increase of 10 ppb yr−1 in
2018 (NOAA, 2019). This increase is largely driven by an-
thropogenic activities though uncertainties exist in the mag-
nitude of individual source sectors and sinks (Turner et al.,
2019). Observatories have been set up around the world to
track trends in CH4 concentrations (de Coninck et al., 2018).
Between 2012 and 2015 unusually high CH4 enhance-
ments of up to 400 ppb above background were observed
at the University of East Anglia’s Weybourne Atmospheric
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Figure 1. Map of the North Sea showing the locations of all UK off-
shore oil and gas platforms (the filled yellow circles) and the eight
platforms measured by this study (black crosses) (source: OSPAR,
2012). The map also shows the location of the University of East
Anglia’s Weybourne Atmospheric Observatory (WAO; 52.95◦ N,
1.14◦ E) in Weybourne, Norfolk, UK.
Observatory (WAO; 52.95◦ N, 1.14◦ E) during periods of
northerly onshore winds and high surface pressures (Con-
nors, 2015; Staunton-Sykes, 2016; Connors et al., 2018).
These elevated enhancements were unexpected as the air
came from the open ocean. However, a potential source of
these CH4 enhancements is leakage from offshore oil and gas
production platforms 80 km away from WAO in the North
Sea (OSPAR, 2018; Fig. 1).
In 2015 the UK extracted about 32 Tg of natural gas from
the North Sea (UK Oil and Gas Authority, 2018). During this
time, a loss of 40 Gg CH4 (0.13 % of natural gas production)
was reported by the UK Government Department for Busi-
ness, Energy & Industrial Strategy (BEIS), mainly through
venting (24 Gg CH4 yr−1) and flaring (12 Gg CH4 yr−1) ac-
tivities (BEIS, 2018). However, recent studies indicate pub-
lic inventories in the United States underestimate CH4 emis-
sions, including from the oil and gas supply chain (Alvarez
et al., 2018; Zavala-Araiza et al., 2015; Schwietzke et al.,
2017). This leads to the following question. Could CH4 emis-
sions from offshore oil and gas platforms be higher than pre-
viously estimated?
Land-based measurements in West Virginia and Colorado,
USA, estimate that onshore oil and gas extraction activities
lose between 0.1 and 10 % of CH4 produced (Petron et al.,
2012; Omara et al., 2016; Schwietzke et al., 2017; Alvarez
et al., 2018; Englander et al., 2018; Riddick et al., 2019).
At present there are no direct, near-source measurements of
CH4 emissions from offshore oil and gas production. How-
ever, a mass-balance approach identifies CH4 emissions from
offshore oil and gas operations off the coast of South East
Asia as having a large regional median (range) emission of
99 (4–427) g CH4 s−1 per platform for the Malay Peninsula
and 15 (2–46) g CH4 s−1 per platform for Borneo (Nara et al.,
2015). Numerous productive offshore oil and gas fields ex-
ist across the globe, including Saudi Arabia, Brazil, Mexico,
Norway and the United States, making careful measurement
and analysis of leakage from these platforms important for
global emission inventories.
Several activities on offshore production platforms in the
North Sea are explicitly identified by the BEIS in the Na-
tional Atmospheric Emission Inventory (NAEI) as sources
of CH4 emission including combustion activities such as gas
flaring, offshore oil loading and venting directly to the at-
mosphere (BEIS, 2018). Leakage during normal operations
is not explicitly included. Oil and gas operators report an
annual CH4 emission estimate for each offshore produc-
tion platform to the NAEI; these emission estimates are pri-
marily calculated using emission factors (Butterfield, 2017).
Technical guidance on the emission-factor-based calcula-
tions is available through the UK Government’s Department
of Energy and Climate Change Environmental and Emissions
Monitoring System (DECC EEMS, 2008). The main short-
coming of using emission factors and activity levels to es-
timate total emissions is that total emissions can be under-
estimated if not all emission sources are identified. For ex-
ample, leaks not obvious to platform personnel would not
be included, and the total emission would be an underesti-
mate of CH4 lost. Overall, as emission factor calculations
rely on explicit knowledge of all sources of leakage, current
approaches used by industry could underestimate total CH4
emissions from offshore installations.
In this study we investigate CH4 emissions from offshore
oil and gas installations in the North Sea and determine how
they differ from those currently reported by the BEIS. To in-
vestigate the CH4 loss from offshore oil and gas installations
in UK waters, we measure CH4 mixing ratios downwind of
offshore platforms and use these data in a Gaussian plume
model to estimate CH4 emission rates. The CH4 loss is then
presented as a percentage of the CH4 produced by each plat-
form.
2 Methods – boat-based observations
Oil and gas platforms in UK waters are located between 30
and 500 km from the UK mainland, with the majority of
platforms located to the east of the UK in the North Sea
(Fig. 1; OSPAR, 2018). To investigate possible emissions
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from these platforms, sea-level CH4 mole fractions were
measured around eight oil and gas platforms between 6 June
and 25 August 2017. Measurements were made during nor-
mal operation (i.e. pilot light on the flare stack was lit, but
no flaring or offshore oil loading was observed). Where pos-
sible a full circle was made around the installation to ob-
serve the upwind and downwind methane mole fractions. To
determine if flaring or offshore oil loading was occurring, a
visual inspection was made of the installation. We assumed
that venting was not taking place because no venting was re-
ported in any of the most recent NAEI. Previously published
emissions from the measured platforms in the NAEI are re-
ported to be almost entirely due to flaring (83 %) and offshore
oil loading (17 %), with reported emissions generated using
emission factors (Brown et al., 2017; BEIS, 2018).
The oil and gas platforms measured here were selected
at random, constrained only by the need for accessibility.
Fishing boats were chosen as the measurement platforms
because of budgeting and availability constraints. Maritime
and Coastguard Agency regulations for the available vessels
(MCA category 2) meant that the platforms measured had to
be less than 96 km from a safe haven. Four of the eight plat-
forms only produced natural gas (nos. 1–4) that was trans-
ported to the mainland via pipeline, while the remaining four
produced oil and gas. Two of the oil and gas platforms (nos. 5
and 6) include floating production storage and offloading
vessels, which receive hydrocarbons, process them and store
them until they can be offloaded by tanker or pipeline, and
the other two platforms (nos. 7 and 8) transport oil and gas
directly to the mainland by pipeline. Methane mole fractions,
latitude, longitude and meteorological data were collected as
the boat travelled upwind and downwind of the platforms.
2.1 Methane mole fraction measurements – Los Gatos
UGGA
The Los Gatos Research Ultra-portable Greenhouse Gas An-
alyzer (UGGA; http://www.lgrinc.com/, last access: 14 Jan-
uary 2019) was used to measure CH4 concentrations near
the offshore oil and gas platforms. The UGGA is a laser ab-
sorption spectrometer that measures CH4 mole fractions in
air (Paul et al., 2001). The UGGA reports CH4 mole frac-
tions every second, with a stated precision of < 2 ppb (1σ
at 1 Hz) over an operating range of 0.1 to 100 ppm. Calibra-
tion of the UGGA was conducted before and after deploy-
ment using low (1.93 ppm CH4), target (2.03 ppm CH4) and
high (2.74 ppm CH4) mole fraction gases calibrated on the
World Meteorological Organization (WMO) scale. Measure-
ments were taken between the edge of the exclusion zone
(500 m from the platform; HSE, 2018) and 2 km horizontal
distance from the platforms. The inlet line was attached to
a mast 2.5 m above sea level, to avoid contamination from
the boat’s exhaust, and protected from water incursion us-
ing an aluminium funnel. The air was filtered using a 2 µm
filter. Background CH4 mole fractions were measured while
the boat was upwind of the production platform.
2.2 Meteorological data
Meteorological data were collected using a wireless weather
station (Maplin, UK) attached to a mast 2 m above sea level.
Data were sampled and recorded at 1 min intervals and in-
cluded wind speed (u, m s−1), wind direction (WD, ◦ to
North), air temperature at 2 m (Ta, K), relative humidity (RH,
%), rain rate (R, mm h−1), irradiance (I , W m−2) and air
pressure (P , Pa). The wind speed used in the emission mod-
elling was corrected for emission height using a wind profile
power law (Touma, 1977; Hsu et al., 1994).
2.3 Gaussian plume model
The Gaussian plume model used in this study calculates the
mole fraction of a gas as a function of distance downwind
from a point source (Seinfeld and Pandis, 2006). As a gas
is emitted, it is entrained in the prevailing ambient air flow
and disperses in the y and z directions (relative to a mean
horizontal flow in the x direction) with time, forming a cone.
The mole fraction of the gas as a function of distance down-
wind depends on the emission flux at the source, the advec-
tive wind speed (u, m s−1) and the rate of dispersion. The
mole fraction of the gas (X, µg m−3), at any point x metres
downwind of the source, y metres laterally from the centre
line of the plume and z metres above ground level, can be
calculated (Eq. 1) using the source strength (Q, g s−1), the
height of the source (hs, m), the height of the boundary layer
(h, m) and the stability of the air (CERC, 2017; Hunt, 1982;
Hunt et al., 1988). The standard deviations of the lateral (σy ,
m) and vertical (σz, m) mixing ratio distributions are calcu-
lated from the Pasquill–Gifford stability class (PGSC) of the
air (Pasquill, 1962; Busse and Zimmerman, 1973; US EPA,
1995). Even though this modelling method is relatively sim-
ple, offshore emission estimates using the same parameteri-
zation of σy and σz were made by Blackall et al. (2008) and
were in good agreement (R2 = 0.85) with emissions calcu-
lated from a concurrent tracer release experiment. Alterna-
tive offshore parameterizations for σy and σz exist and are
used in the EPA-recommended Offshore and Coastal Disper-
sion model (Hanna et al., 1985). However, these algorithms
require further data on the micrometeorology which are not
available and were therefore not used as they introduce addi-
tional unquantifiable uncertainty.
X(x,y,z)= Q
2piuσyσz
e
−y2
2σ2y(
e
−(z−hs)2
2σ2z + e
−(z+hs)2
2σ2z + e
−(z−2h+hs)2
2σ2z
+e
−(z+2h−hs)2
2σ2z + e
−(z−2h−hs)2
2σ2z
)
(1)
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The following assumptions are made regarding the Gaus-
sian model: (1) the source is emitting CH4 at a constant
rate, (2) the mass of CH4 is conserved when reflected at
the surface of the ocean or the top of the boundary layer,
(3) wind speed and vertical eddy diffusivity are constant
with time, (4) there is uniform vertical mixing, and (5) ter-
rain (ocean surface) is relatively flat between source and de-
tector. The PGSCs were determined for an offshore flow of
air following the parametrizations described in Erbrink and
Scholten (1995), Hanna et al. (1985) and Hsu (1992).
2.4 Gaussian plume model parameterization
A Gaussian plume approach was used to infer the CH4 emis-
sions flux from the oil and gas platforms using the CH4 mole
fraction data collected downwind. We used measurements
for the mole fraction, and rearranging Eq. (1) solved for the
source term Q. Data used as input to the Gaussian plume
model are wind speed, wind direction, temperature, minute-
averaged CH4 mole fraction at 2 m, background CH4 mole
fraction and the PGSC. For the minute-averaged CH4 mole
fraction data, we assume the 1 min averaged data near the
centre of the observed instantaneous plume are representa-
tive of the centre of the time-averaged Gaussian plume. The
PGSCs are estimated from wind speed and irradiance data
(Turner, 1970; Seinfeld and Pandis, 2006), as measured by
the meteorological station on the boat. The height of the
boundary layer is calculated from the Global Forecast Sys-
tem’s global forecast model archives (GFS, 2019).
An unknown variable used in the Gaussian plume model
in this study is the height at which emissions are released.
The emissions could have come from the working deck of
the platform, the top of the flare or somewhere in between.
For the purposes of the emission estimates calculated and
presented here, we assume CH4 is emitted from the working
deck only, which results in the smallest emissions possible
for a given measurement. As a sensitivity study, emissions
were also calculated assuming the source was at the top of the
flare stack only (see Sect. S1 in the Supplement). The height
of the working deck and the height of the flare stack at each of
the platforms were determined using platform characteristics
data from each oil and gas platform available on the internet.
2.5 Uncertainties
Of the Gaussian plume model assumptions presented in
Sect. 2.3, two may not be valid – uniform vertical mixing
and a constant wind speed. The uncertainty in uniform verti-
cal mixing is discussed in Sect. 3.4. To investigate how un-
certainties in the measurements and modelling affect the cal-
culated emission, we ran Gaussian plume model scenarios
using data that reflect the input values’ uncertainty bounds.
The scenarios run using the Gaussian plume approach were
varying wind speed (based on measurement), UGGA preci-
sion (±2 ppb), thermometer precision (±0.1 ◦C), the PGSC
(+1 PGSC) and distance from detector to emission source
(±50 m). The uncertainties of the UGGA and thermometer
were taken from literature. The uncertainty in the PGSC used
reflects the possibility that the temperature of the natural gas
leaving the subsurface could be hotter than air and therefore
less stable. The uncertainty in distance from the emission
source to the detector results from not knowing where gas
is leaking; here we assume the leak could be from anywhere
on a production platform that is 100 m long.
2.6 Data sources
The UK Department for Business, Energy & Industrial Strat-
egy (BEIS) keeps the Environmental and Emissions Moni-
toring System (EEMS) which is the environmental database
of the UK oil and gas industry. Methane emission data are
uploaded to this by industry partners. These data form the
basis for emissions reported under category 1B2 within the
National Atmospheric Emissions Inventory (NAEI; BEIS,
2018). For details of how these data are incorporated into the
NAEI, see Brown et al. (2017). The most recent point-source
emission database from the NAEI available at the time of
writing was for the year 2015. Individual platform production
data for both 2015 and 2017 were taken from the Petroleum
Production Reporting System published by the UK Oil and
Gas Authority (OGA, 2018).
3 Results
3.1 Methane mole fractions around North Sea oil and
gas platforms
Our sea-level surveys indicate CH4 mole fraction enhance-
ments can be measured near all of the production platforms
observed, when upwind CH4 mole fractions ([CH4]bgd, ppb)
are compared with downwind mole fractions ([CH4], ppb;
Table 1). The largest enhancement of 370 ppb was observed
downwind of platform no. 6 on 24 August 2017, while the
lowest enhancement of 11 ppb was observed downwind of
platform no. 8 on 25 August 2017. The median CH4 enhance-
ment downwind of the eight platforms was 43 ppb (mean:
112 ppb; range: 11–370 ppb). While measurements were be-
ing conducted, a maximum variability in wind speed of
±0.6 m s−1 was measured at platform no. 3 on 6 July 2017;
during no measurements did an observable change in wind
direction occur. Complete circles of all installations were not
possible due to access restrictions; i.e. the measurement ves-
sel could not get between some platforms and maintain the
500 m clearance required of each platform, and there were
occasions when the measurement boat was actively blocked
by the platform’s standby vessel (Sect. S2).
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Table 1. Meteorological, position and mole fraction data taken during the boat-based measurement campaign around oil and gas production
platforms in the North Sea between 6 June and 25 August 2017. Emissions were calculated assuming the source of the emissions was at the
working deck level. The calculations of the median, mean and total only use data from platforms nos. 4–8. Platforms nos. 1–2 did not have
production data available for the time of measurement. During the measurement of platform no. 3 the height of the PBL was calculated as
zero (GFS, 2019), making the Gaussian plume modelled emission estimate ambiguous.
Measurement Height Peak enhancement at the Emission Platform CH4
ID no. date Type (m) centre of the plume (ppb) (g s−1) production (g s−1) Loss (%)
1 6 June Gas 40 50 4.9 N/A
2 6 June Gas 40 51 4.9 N/A
3 5 July Gas 40 34 1.1 672 0.17
4 16 August Gas 50 30 5.7 15 230 0.04
5 24 August Oil/gas 50 370 22.3 1585 1.41
6 24 August Oil/gas 50 312 18.1 1845 0.98
7 25 August Oil/gas 50 35 6.8 2952 0.23
8 25 August Oil/gas 50 11 2.9 8047 0.04
Median (nos. 4–8) 6.8 0.23
Mean (nos. 4–8) 11.2 0.54
Total (nos. 4–8) 55.8 29 662
Loss of CH4 produced (%) (nos. 4–8) 0.19
3.2 Source of leaks
Although the production platforms measured in this cam-
paign were not actively flaring gas (i.e. burning gas to reduce
pressure during oil extraction), the pilot light on the top of the
flare stack was actively burning gas. As an example, Fig. 2
shows the minute-averaged CH4 enhancements upwind and
downwind of a production platform on 24 August. This ex-
ample was chosen as it was the only platform that had an
offset flare stack (i.e. not centred in the platform). Figure 2
indicates the largest enhancement was downwind of the flare
stack. The width of the plume (< 200 m) suggests a compact
CH4 source. This could be associated with incomplete com-
bustion of natural gas feeding the pilot light at the top of the
platform, or it could be associated with gas being emitted at
the working deck level.
3.3 Estimating methane emissions
Using Gaussian plume modelling and assuming all emis-
sions came from the working deck, the highest emission of
22.3 g s−1 CH4 was observed from platform no. 5 on 24 Au-
gust 2017 while the lowest emission, 2.9 g s−1, was observed
on 25 August 2017 from platform no. 8. During the measure-
ment of platform no. 3, the calculated boundary layer height
was 0 m (GFS, 2019), making the emission estimate ambigu-
ous, and, even though presented in Table 1, has not been used
further in the analysis. Using emission data from the five plat-
forms with available production data and with a non-zero cal-
culated PBL (platforms nos. 4–8), the median CH4 emission
was 6.8 g s−1 (mean 11.2 g s−1). As a sensitivity study, the
median modelled emission is 2658 g s−1 (mean 1892 g s−1)
when we assume all CH4 is emitted from the highest point of
the platform, i.e. the flare.
When normalized against natural gas production data
(OGA, 2018), the highest CH4 loss rate corresponded to
1.4 % of production at platform no. 5 while the lowest loss
rate corresponded to 0.04 % of production at platforms nos. 4
and 8. We estimate the median CH4 loss from platforms
nos. 4–8 to be 0.23 % of production. When weighted by pro-
duction, i.e. the collective emission from the measured plat-
forms (56 g s−1; Table 1) as a fraction of the collective pro-
duction of the measured platforms (29 662 g s−1; Table 1),
the average loss from all measured platforms was 0.19 % of
their total production.
For comparison, we have also calculated the reported loss
rates for 2015 using the most recent NAEI emissions data
(Brown et al., 2017; BEIS, 2018). We find the median re-
ported loss rate from NAEI was 0.23 % for the six platforms
we measured where production data were available, with
a production-weighted average of 0.19 %. These values are
close to those we calculated. However, this apparent consis-
tency is misleading as the NAEI emissions are dominated by
CH4 emissions from flaring and offshore-oil-loading activi-
ties, neither of which was occurring during our measurement
periods; this is discussed further in Sect. 4.
3.4 Uncertainties/shortcomings of Gaussian plume
modelling
A range of scenarios were run using the Gaussian plume
model to estimate uncertainty in average CH4 emissions re-
sulting from UGGA instrument precision, thermometer pre-
cision, varying wind speed, assessment of the PGSC, and
uncertainty in distance between the emission source and the
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Figure 2. Minute-averaged CH4 enhancements made upwind and downwind of production platform no. 6, on 24 August 2017.
detector. Uncertainty in the UGGA and the thermometer has
little effect on the average emission estimate (Sect. S3). The
largest variability in wind speed was recorded during mea-
surement of platform no. 3 on 6 July 2017 at 4.4±0.6 m s−1
(Sect. S1); using this variability in wind speed in the Gaus-
sian plume model results in an uncertainty in average emis-
sion of ±12 %. Uncertainty in estimating the distance be-
tween the emission source and the detector results in an un-
certainty in average emissions of±8 %. The Gaussian plume
model has the greatest response to the uncertainty in esti-
mating the PGSC, resulting in an uncertainty of ±41 %. We
estimate the overall uncertainty in the average CH4 emission,
calculated as the root of the sum of the individual uncertain-
ties squared, to be ±45 %.
As mentioned in Sect. 2.5, the uniform vertical mixing as-
sumption made in the Gaussian plume model may not hold
here as the data we collected provide no information on ver-
tical mixing. However, the Gaussian plume model only as-
sumes a constant vertical mixing rate between the source and
the detector. In most cases this distance is relatively short and
unlikely to significantly affect the calculation of emissions.
In future experiments, the vertical mixing rate could be cal-
culated by measuring the vertical gradient of wind speeds to
make an accurate thermodynamic profile.
4 Discussion
From boat-based observations we observed elevated CH4
mole fractions, between 11 and 370 ppb above background,
downwind of eight oil and gas production platforms in the
North Sea when none of the platforms was engaged in either
gas flaring or oil transfer and unloading. This suggests that all
observed oil and gas platforms leak CH4 during normal oper-
ations. Using the near-source CH4 measurements in a simple
Gaussian plume model (where the CH4 emissions are cal-
culated from the minute-averaged peak enhancement at the
centre of the plume), we found the median of the calculated
CH4 emissions from offshore oil and gas installations to be
589 kg CH4 d−1, with individual platforms’ CH4 emissions
ranging from 98 to 1928 kg CH4 d−1. Matching production
data to our measurements we estimate (1) a median loss of
CH4 from the six platforms, unweighted by production, of
0.23 % (mean 0.54 %); and (2) the cumulative loss of CH4,
weighted by total production, of 0.19 %. These results indi-
cate that, of the platforms measured, those producing more
gas leaked proportionally less of what they produced. Also,
the two higher emitting platforms (nos. 5 and 6) include float-
ing production storage and offloading vessels; we find these
to have much larger loss rates than the three fixed platforms
(nos. 4, 7 and. 8). However, we also acknowledge our sample
size is small and the five platforms may not be indicative of
the overall performance of platforms in the North Sea.
The 2015 emission-factor-based NAEI emissions are
within the ranges calculated in this study, i.e. a median loss
rate of 0.23 % and a production-weighted loss of 0.19 %,
and also show larger losses come from lower-producing plat-
forms. However, the NAEI provides the main source of emis-
sion for each installation, and their reported emissions from
the six platforms are almost entirely due to flaring (83 %)
and offshore oil loading (17 %), neither of which was taking
place during our measurements. Typically, these activities are
not continuous on North Sea platforms; consequently, emis-
sion rates are likely to be much higher at certain times than
others. As flaring and oil loading did not coincide with our
measurement campaign, the measured emissions presented
here represent leakage only and do not account for intermit-
tent emissions due to venting, flaring or oil-loading activi-
ties. This suggests a potentially large missing source of CH4
emissions in the national UK CH4 emission inventory.
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The emission estimates presented here are from a pilot
study and further work is needed to establish total CH4 leak-
age rates from offshore oil and gas platforms. We have es-
tablished, however, that CH4 enhancements can be detected
downwind of all production platforms during normal op-
erations when neither venting, flaring or oil-loading activi-
ties are taking place. Our measurements used in a Gaussian
plume model indicate leakage from offshore installations is
likely larger than previously estimated. However, these emis-
sion estimates come with large uncertainties as they are based
on relatively few measured platforms; assume values for the
height of emission, lateral and vertical mixing ratio distribu-
tions; and may not meet all the Gaussian plume model as-
sumptions.
When the CH4 emissions are calculated for two different
emission heights, the importance of identifying the source
location and height above the sea becomes apparent. The
median CH4 emission from the five platforms is 6.8 g s−1
when the emissions are all assumed to come from the work-
ing deck, while the median emission is 2658 g s−1 (47 % of
production) when all CH4 is assumed to be emitted from the
flare, i.e. the highest point of the platform. This analysis in-
dicates that the median emission presented here, based on
the assumption that the emissions occur from the working
deck, is a conservative estimate. However, without further
measurements the height of the emission source cannot be
definitively determined, and this leaves the possibility that
leakage is higher during normal operations than our results
indicate. The other input variables that cannot be determined
without further measurement are the lateral and vertical mix-
ing ratio distributions, but we feel that following the study
of Blackall et al. (2007) the estimates used in this study are
sufficient to establish leakage from oil and gas platforms and
to provide a rough estimate of their emissions. As with the
emission height, mixing can be resolved with further mea-
surement, including the use of aircraft to resolve the vertical
and horizontal mixing of the plume.
It is clear that further studies are needed to provide ad-
ditional data that will yield more definitive emission esti-
mates. Using the near-source (< 1 km) observations of this
paper (Fig. 2; Sect. S2, platform nos. 5 and 6) we can see
that plumes from the leaks are compact (< 200 m wide) and
in some cases difficult to detect from sea-level measurements
(Sect. S2, platforms nos. 7 and 8). Making three-dimensional
observations downwind of the platforms and using a sonic
anemometer would help identify some of the unknowns pre-
sented here. Also, measuring more platforms over a longer
time frame would improve the understanding of ambient
leakage.
Any further measurements would be significantly easier
with the cooperation of the oil and gas industry, which could
benefit from the findings. If the emissions are as low as the
industry currently estimates, further measurements confirm-
ing low leakage rates would improve consumer confidence
in oil and gas extraction activities. Alternately, if emissions
are higher than currently reported, additional measurements
would give the industry an opportunity to identify common
issues such as incomplete combustion at the flare (Fig. 2), re-
duce leakage, and improve the efficiency of platforms, thus
potentially increasing profits from the extracted gas.
The continuous leakage of CH4 from offshore production
platforms observed here is consistent with observations of
similar onshore operations (Omara et al., 2016; Riddick et
al., 2019). Ambient leakage is not unexpected as these off-
shore production platforms are located in the inhospitable
conditions of the North Sea, where wind speeds regularly ex-
ceed hurricane force and waves can reach the working deck.
However, it is surprising that ambient leakage has not been
explicitly factored into the UK national emissions inventory,
which relies solely on operator self-reported emissions cal-
culated using emission factors combined with specific pro-
cesses like flaring. Without direct measurement, operators
can remain unaware of small emissions that occur during nor-
mal operation.
The CH4 lost as ambient leakage measured here may not
be economically important, but when extrapolated to a global
scale the loss of 0.19 % of gas production (the production-
weighted average loss) from offshore oil and gas production
corresponds to a global emission of 0.8 Tg CH4 yr−1 (IEA,
2018). Currently, the Oil and Gas Climate Initiative (OGCI)
estimates the global CH4 emission from the oil and gas sec-
tor to be 1.6 Tg CH4 yr−1, based on the OGCI’s own estimate
that 0.32 % of CH4 extracted is lost (OGCI, 2018). This es-
timate represents data from 13 of the largest oil and gas pro-
ducers and accounts for upstream CH4 emissions from flar-
ing, venting and offshore oil loading for all operated gas and
oil assets. If a global CH4 emission from ambient leakage
of 0.19 % estimated by this study (0.8 Tg CH4 yr−1) is added
to the current global estimate from flaring, venting and off-
shore oil loading (1.6 Tg CH4 yr−1), the total CH4 emission
from offshore oil and gas production would increase approx-
imately 50 %. It should be noted that the value of 0.19 % is
based on a very small sample size using a method that comes
with significant uncertainty. Moreover, the median value of
this study (6.8 g s−1) is much smaller than the regional me-
dian emission estimate of 99 g s−1 for the Malay Peninsula
and 15 g s−1 for Borneo (Nara et al., 2015), which suggests
that the ambient leakage rate may be lower in the North Sea
than other regions of the world. This study does highlight the
shortcomings of using emission factors which rely on a pri-
ori knowledge of the source, in contrast with direct measure-
ments that account for all emissions and better estimate to-
tal emissions. In conclusion, we suggest that additional mea-
surements of offshore oil and gas production platform oper-
ations (e.g. Saudi Arabia, Brazil, Mexico, Norway and the
United States) be conducted to better inform leakage esti-
mates and that these measurements be used to improve the
UK and global CH4 emission inventories.
www.atmos-chem-phys.net/19/9787/2019/ Atmos. Chem. Phys., 19, 9787–9796, 2019
9794 S. N. Riddick et al.: Methane emissions from oil and gas platforms in the North Sea
Data availability. Data can be accessed from the CEE Research
Data Set collection on the Princeton University DataSpace server:
http://arks.princeton.edu/ark:/88435/dsp015999n6220 (last access:
22 July 2019, Riddick, 2019).
Supplement. The supplement related to this article is available
online at: https://doi.org/10.5194/acp-19-9787-2019-supplement.
Author contributions. JSS, SNR and NRPH designed the experi-
ment; SNR, JSS, GA, JP and GLF prepared equipment and cali-
brated the instruments; SNR, JSS and GLF carried out the measure-
ments; and JSS, AJM, DL and EGN provided the analysis. DLM
and MC were the project leaders and provided scientific oversight
and guidance throughout the planning, implementation, collection
and data analysis processes. SNR and DLM wrote the paper with
help from MC, MK and NRPH and with contributions from all co-
authors.
Competing interests. The authors declare that they have no conflict
of interest.
Acknowledgements. The US National Oceanic and Atmospheric
Administration and the UK Natural Environment Research Coun-
cil (NERC) through the Greenhouse gAs UK and Global Emissions
(GAUGE) project supported this research. We thank Glen Thistleth-
waite (Ricardo) for his help understanding the BEIS Environmental
and Emissions Monitoring System and the National Atmospheric
Emissions Inventory. We also thank the reviewers for their valuable
suggestions and especially Reviewer 1 for the data provided.
Financial support. This research has been supported by the
National Oceanic and Atmospheric Administration (grant no.
AWD1004141) and the UK Natural Environment Research Council
(grant no. NE/K002570/1), as well as by funding to Stuart N. Rid-
dick by the Science, Technology and Environmental Policy program
at Princeton University.
Review statement. This paper was edited by Eliza Harris and re-
viewed by Daniel Varon and one anonymous referee.
References
Allen, D. T.: Emissions from oil and gas operations
in the United States and their air quality impli-
cations, JAPCA J. Air Waste Ma., 66, 549–575,
https://doi.org/10.1080/10962247.2016.1171263, 2016.
Alvarez, R. A., Zavala-Araiza, D., Lyon, D. R., Allen, D. T.,
Barkley, Z. R., Brandt, A. R., Davis, K. J., Herndon, S.
C., Jacob, D. J., Karion, A., Kort, E. A., Lamb, B. K.,
Lauvaux, T., Maasakkers, J. D., Marchese, A. J., Omara,
M., Pacala, S. W., Peischl, J., Robinson, A. L., Shep-
son, P. B., Sweeney, C., Townsend-Small, A., Wofsy, S.
C., and Hamburg, S. P.: Assessment of methane emissions
from the U.S. oil and gas supply chain, Science, eaar7204,
https://doi.org/10.1126/science.aar7204, 2018.
Ashfold, M. J., Harris, N. R. P., Manning, A. J., Robinson, A. D.,
Warwick, N. J., and Pyle, J. A.: Estimates of tropical bromoform
emissions using an inversion method, Atmos. Chem. Phys., 14,
979–994, https://doi.org/10.5194/acp-14-979-2014, 2014.
BEIS: Department for Business, Energy & Industrial Strategy,
available at: http://naei.beis.gov.uk/data/map-uk-das, last access:
14 December 2018.
Blackall, T. D., Wilson, L. J., Theobald, M. R., Milford, C., Nemitz,
E., Bull, J., Bacon, P. J., Hamer, K. C., Wanless, S., and Sut-
ton, M. A.: Ammonia emissions from seabird colonies, Geophys.
Res. Lett., 34, L10801, https://doi.org/10.1029/2006GL028928,
2007.
Brown, P., Broomfield, M., Cardenas, L., Choudrie, S., Kilroy, E.,
Jones, L., Passant, N., Thomson, A., Wakeling, D., Buys, G.,
Forden, S., Gilhespy, S., Glendining, M., Gluckman, R., Hen-
shall, P., Hobson, M., MacCarthy, J., Malcolm, H., Manning, A.,
Matthews, R., Milne, A., Misselbrook, T., Moxley, J., Murrells,
T., Salisbury, E., Sussams, J., Thistlethwaite, G., Walker, C., and
Webb, N.: UK Greenhouse Gas Inventory, 1990 to 2015, Ricardo
Energy & Environment, Harwell, UK, 2017.
Busse, A. D. and Zimmerman, J. R.: User’s Guide for the Clima-
tological Dispersion Model, National Environmental Research
Center, Office of Research and Development, U.S. Environmen-
tal Protection Agency, 1973.
Butterfield, D.: Understanding the UK Greenhouse Gas Inventory,
An assessment of how the UK inventory is calculated and the
implications of uncertainty, NPL Report CCM 2, Committee on
Climate Change, 50 pp., 2017.
Cain, M., Warwick, N. J., Fisher, R. E., Lowry, D., Lanoisellé, M.,
Nisbet, E. G., France, J., Pitt, J., O’Shea, S., Bower, K. N., Allen,
G., Illingworth, S., Manning, A. J., Bauguitte, S., Pisso, I., and
Pyle, J. A.: A cautionary tale: A study of a methane enhancement
over the North Sea, J. Geophys. Res.-Atmos., 122, 7630–7645,
https://doi.org/10.1002/2017JD026626, 2017.
de Coninck, H., A. Revi, M. Babiker, P. Bertoldi, M. Buckeridge,
A. Cartwright, W. Dong, J. Ford, S. Fuss, J.-C. Hourcade, D.
Ley, R. Mechler, P. Newman, A. Revokatova, S. Schultz, L.
Steg, and T. Sugiyama: Strengthening and Implementing the
Global Response Supplementary Material, in: Global Warming
of 1.5 ◦C – An IPCC Special Report on the impacts of global
warming of 1.5,◦C above pre-industrial levels and related global
greenhouse gas emission pathways, in the context of strength-
ening the global response to the threat of climate change, sus-
tainable development, and efforts to eradicate poverty, edited
by: Masson-Delmotte, V., Zhai, P., Pörtner, H.-O., Roberts, D.,
Skea, J., Shukla, P. R., Pirani, A., Moufouma-Okia, W., Péan, C.,
Pidcock, R., Connors, S., Matthews, J. B. R., Chen, Y., Zhou,
X., Gomis, M. I., Lonnoy, E., Maycock, T., Tignor, M., and
Watereld. T., available at: https://www.ipcc.ch/sr15 (last access:
11 June 2019), 2018.
CERC: Plume/puff spread and mean concentration module specifi-
cations. Cambridge Environmental Research Consultants, avail-
able at: https://www.cerc.co.uk/environmental-software/assets/
data/doc_techspec/P10_01.P12_01.pdf (last access: 11 June
2019), 2017.
Atmos. Chem. Phys., 19, 9787–9796, 2019 www.atmos-chem-phys.net/19/9787/2019/
S. N. Riddick et al.: Methane emissions from oil and gas platforms in the North Sea 9795
Connors, S.: Development of a method for estimating methane gas
emissions at high resolution, PhD thesis, University of Cam-
bridge, 2015.
Connors, S., Manning, A. J., Robinson, A. D., Riddick, S. N.,
Forster, G. L., Ganesan, A., Grant, A., Humphrey, S., O’Doherty,
S., Oram, D. E., Palmer, P. I., Skelton, R. L., Stanley, K.,
Stavert, A., Young, D., and Harris, N. R. P.: Estimates of sub-
national methane emissions from inversion modelling, Atmos.
Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-1187, in
review, 2018.
Davies, T., Cullen, M. J. P., Malcolm, A. J., Mawson, M. H.,
Staniforth, A., White, A. A., and Wood, N.: A new dynam-
ical core for the Met Office’s global and regional modelling
of the atmosphere, Q. J. Roy. Meteor. Soc., 131, 1759–1782,
https://doi.org/10.1256/qj.04.101, 2005.
DECC EEMS: Department of Energy and Climate Change
Environmental and Emissions Monitoring System –
Atmospheric Emissions Calculations, available at:
https://assets.publishing.service.gov.uk/government/uploads/
system/uploads/attachment_data/file/136461/atmos-calcs.pdf,
last access: 14 January 2019.
Dlugokencky, E. J., Nisbet, E. G., Fisher, R., and Lowry, D.: Global
atmospheric methane: budget, changes and dangers, Philos. T. R.
Soc. A, 369, 2058–2072, https://doi.org/10.1098/rsta.2010.0341,
2011.
Englander, J. G., Brandt, A. R., Conley, S., Lyon, D. R., and
Jackson R. B.: Aerial Inter-year Comparison and Quantifica-
tion of Methane Emissions Persistence in the Bakken Formation
of North Dakota, USA, Environ. Sci. Technol., 52, 8947–8953,
https://doi.org/10.1021/acs.est.8b01665, 2018.
Erbrink, H. J. and Scholten, R. D. A.: Atmospheric Tur-
bulence above Coastal Waters: Determination of Sta-
bility Classes and a Simple Model for Offshore Flow
Including Advection and Dissipation, J. Appl. Me-
teorol., 34, 2278–2293, https://doi.org/10.1175/1520-
0450(1995)034<2278:ATACWD>2.0.CO;2, 1995.
Fisher, R., Lowry, D., Wilkin, O., Sriskantharajah, S., and Nisbet,
E. G.: High-precision, automated stable isotope analysis of at-
mospheric methane and carbon dioxide using continuous-flow
isotope-ratio mass spectrometry, Rapid Commun. Mass Sp., 20,
200–208, https://doi.org/10.1002/rcm.2300, 2006.
Hanna, S. R., Schulman, L. L., Paine, R. J., Pleim, J. E., and Baer,
M.: Development and Evaluation of the Offshore and Coastal
Dispersion Model, J. Air Pollut. Control Assoc., 35, 1039–1047,
https://doi.org/10.1080/00022470.1985.10466003, 1985.
Hitchman, S. P., Darling, W. G., and Williams, G. M.: British ge-
ological survey fluid processes series stable isotope ratios in
methane containing gases in the United Kingdom, British Ge-
ological Survey Technical Report, WE/89/30, 1989.
HSE: Health and Safety Executive, available at: http://www.hse.
gov.uk/offshore/strategy/fgdetect.htm, last access: 14 December
2018.
Hsu, S. A.: An overwater stability criterion for the offshore and
coastal dispersion model, Bound.-Lay. Meteorol., 60, 397–402,
https://doi.org/10.1007/BF00155204, 1992.
Hunt, J. C. R.: Diffusion in the stable boundary layer, in: At-
mospheric Turbulence and Air Pollution Modelling, edited by:
Nieuwstadt, F. T. M. and van Dop, A., D. Reidel, Dordrecht,
238 pp., 1982.
Hunt, J. C. R., Kaimal, J. C., and Gaynor, J. E.: Eddy struc-
ture in the convective boundary layer – new measurements
and new concepts, Q. J. Roy. Meteor. Soc., 114, 827–858,
https://doi.org/10.1002/qj.49711448202, 1988.
IEA: International Energy Agency, World energy outlook, available
at: https://www.iea.org/weo/, last access 14 December 2018.
IPCC: Climate Change 2013: The Physical Science Basis, Contribu-
tion of Working Group I to the Fifth Assessment Report of the In-
tergovernmental Panel on Climate Change, edited by: Stocker, T.
F., Qin, D., Plattner, G.-K., M. Tignor, Allen, S. K., Boschung, J.,
Nauels, A., Xia, Y., Bex, V., and Midgley, P. M., Cambridge Uni-
versity Press, Cambridge, United Kingdom and New York, NY,
USA, 1535 pp., https://doi.org/10.1017/CBO9781107415324,
2013.
Johnson, M. R., Tyner, D. R., Conley, S., Schwietzke, S., and
Zavala-Araiza, D.: Comparisons of Airborne Measurements and
Inventory Estimates of Methane Emissions in the Alberta Up-
stream Oil and Gas Sector, Environ. Sci. Technol., 51, 13008–
13017, https://doi.org/10.1021/acs.est.7b03525, 2017.
Hsu, S. A., Meindl, E. A., and Gilhousen, D. B.: Determining
the power-law wind-profile exponent under near-neutral stabil-
ity conditions at sea, J. Appl. Meteor., 33, 757–765, 1994.
Manning, A. J.: Estimating European emissions of ozone-
depleting and greenhouse gases using observations and a mod-
eling back-attribution technique, J. Geophys. Res., 108, 4405,
https://doi.org/10.1029/2002JD002312, 2003.
Maryon, R. H., Smith, F. B., Conway, B. J., and Goddard, D. M.:
The U.K. nuclear accident model, Prog. Nucl. Energy, 26, 85–
104, https://doi.org/10.1016/0149-1970(91)90043-O, 1991.
Miller, J. B. and Tans, P. P.: Calculating isotopic fractionation from
atmospheric measurements at various scales, Tellus B , 55, 207–
214, 2003.
Nara, H., Tanimoto, H., Tohjima, Y., Mukai, H., Nojiri, Y.,
and Machida, T.: Emissions of methane from offshore oil
and gas platforms in Southeast Asia, Sci. Rep., 4, 6503,
https://doi.org/10.1038/srep06503, 2015.
Omara, M., Sullivan, M. R., Li, X., Subramanian, R., Robinson, A.
L., and Presto, A. A.: Methane Emissions from Conventional and
Unconventional Natural Gas Production Sites in the Marcellus
Shale Basin, Environ. Sci. Technol., 50, 2099–2107, 2016.
OGCI: Oil and Gas Climate Initiative, https://
oilandgasclimateinitiative.com/policy-and-strategy/
#annual-report, last access: 14 December 2018.
OSPAR: OSPAR Data and Information System (ODIMS), https://
odims.ospar.org/help/, last access 14 December 2018.
Pasquill, F.: Atmospheric Diffusion, London, D. Van Norstrand,
1961.
Pataki, D. E., Bowling, D. R., and Ehleringer, J. R.: Seasonal cy-
cle of carbon dioxide and its isotopic composition in an ur-
ban atmosphere: anthropogenic and biogenic effects, J. Geophys.
Res.-Atmos., 108, 4735, https://doi.org/10.1029/2003JD003865,
2003.
Paul, J. B., Lapson, L., and Anderson, J. G.: Ultrasensi-
tive absorption spectroscopy with a high- finesse optical
cavity and off-axis alignment, Appl. Opt., 40, 4904–4910,
https://doi.org/10.1364/AO.40.004904, 2001.
Petron, G., Frost, G., Miller, B. R., Hirsch, A. I., Montzka, S.
A., Karion, A., Trainer, M., Sweeney, C., Andrews, A. E.,
Miller, L., Kofler, J., Bar-Ilan, A., Dlugokency, E. J., Patrick,
www.atmos-chem-phys.net/19/9787/2019/ Atmos. Chem. Phys., 19, 9787–9796, 2019
9796 S. N. Riddick et al.: Methane emissions from oil and gas platforms in the North Sea
L., Moore, C. T., Ryerson, T. B., Siso, C., Kolodzey, W., Lang,
P. M., Conway, T., Novelli, P., Masarie, K., Hall, B., Guen-
ther, D., Kitzis, D., Miller, J., Welsh, D., Wolfe, D., Neff, W.,
and Tans, P.: Hydrocarbon emissions characterization in the Col-
orado Front Range: A pilot study, J. Geophys. Res., 117, D04304,
https://doi.org/10.1029/2011JD016360, 2012.
Prinn, R. G., Weiss, R. F., Fraser, P. J., Simmonds, P. G., Cun-
nold, D. M., Alyea, F. N., O’Doherty, S., Salameh, P., Miller,
B. R., Huang, J., Wang, R. H. J., Hartley, D. E., Harth, C.,
Steele, L. P., Sturrock, G., Midgley, P. M., and McCulloch, A.:
A History of Chemically and Radiatively Important Gases in Air
deduced from ALE/GAGE/AGAGE, J. Geophys. Res.-Atmos.,
105, 17751–17792, 2000.
Riddick, S. N.: Methane emissions from oil and gas platforms in
the North Sea, available at: http://arks.princeton.edu/ark:/88435/
dsp015999n6220, last access: 22 June 2019.
Riddick, S. N., Connors, S., Robinson, A. D., Manning, A. J., Jones,
P. S. D., Lowry, D., Nisbet, E., Skelton, R. L., Allen, G., Pitt,
J., and Harris, N. R. P.: Estimating the size of a methane emis-
sion point source at different scales: from local to landscape, At-
mos. Chem. Phys., 17, 7839–7851, https://doi.org/10.5194/acp-
17-7839-2017, 2017.
Riddick, S. N., Hancock, B. R., Robinson, A. D., Connors, S.,
Davies, S., Allen, G., Pitt, J., and Harris, N. R. P.: Development
of a low-maintenance measurement approach to continuously es-
timate methane emissions: A case study, Waste Manage., 73,
210–219, https://doi.org/10.1016/j.wasman.2016.12.006, 2018.
Riddick, S. N., Mauzerall, D. L., Celia, M. A., Kang, M.,
Bressler, K., Chu, C., and Gum, C. D.: Measuring methane
emissions from abandoned and active oil and gas wells
in West Virginia, Sci. Total Environ., 651, 1849–1856,
https://doi.org/10.1016/j.scitotenv.2018.10.082, 2019.
Rigby, M., Prinn, R. G., Fraser, P. J., Simmonds, P. G., Lan-
genfelds, R. L., Huang, J., Cunnold, D. M., Steele, L. P.,
Krummel, P. B., Weiss, R. F., O’Doherty, S., Salameh, P. K.,
Wang, H. J., Harth, C. M., Mühle, J., and Porter, L. W.: Re-
newed growth of atmospheric methane, Geophys. Res. Lett., 35,
L22805, https://doi.org/10.1029/2008GL036037, 2008
Schwietzke, S., Pétron, G., Conley, S., Pickering, C., Mielke-
Maday, I., Dlugokencky, E. J., Tans, P. P., Vaughn, T., Bell, C.,
Zimmerle, D., Wolter, S., King, C. W., White, A. B., Coleman,
T., Bianco, L., and Schnell, R. C.: Improved Mechanistic Under-
standing of Natural Gas Methane Emissions from Spatially Re-
solved Aircraft Measurements, Environ. Sci. Technol., 51, 7286–
7294, https://doi.org/10.1021/acs.est.7b01810, 2017.
Seinfeld, J. H. and Pandis, S. N.: Atmospheric Chemistry and
Physics: From Air Pollution to Climate Change London, John
Wiley & Sons, 2006.
Staunton-Sykes, J.: Using Numerical Dispersion Modelling to In-
vestigate the Source of Elevated Methane Concentrations, Part
III thesis, University of Cambridge, 2016.
Turner, A. J., Frankenberg, C., and Kort, E. A.: Interpreting contem-
porary trends in atmospheric methane, P. Natl. Acad. Sci. USA,
116, 2805–2813, https://doi.org/10.1073/pnas.1814297116,
2019.
Turner, D. B.: Workbook of Atmospheric Dispersion Estimates,
USEPA, ASRL, Research Triangle Park, North Carolina, 1970.
UK Oil and Gas Authority, available at: https://data-ogauthority.
opendata.arcgis.com/pages/production, last access: 14 December
2018.
US EPA: Industrial Source Complex (ISC3) Dispersion Model,
Research Triangle Park, NC: U.S. Environmental Protection
Agency, User’s Guide, EPA 454/B 95 003a (vol. I) and EPA
454/B 95 003b (vol. II), 1995.
Zavala-Araiza, D., Lyon, D. R., Alvarez, R. A., Davis, K. J., Harriss,
R., Herndon, S. C., Karion, A., Kort, E. A., Lamb, B. K., Lan,
X., Marchese, A. J., Pacala, S. W., Robinson, A. L., Shepson, P.
B., Sweeney, C., Talbot, R., Townsend-Small, A., Yacovitch, T.
I., Zimmerle, D. J., and Hamburg. S. P.: Reconciling divergent
estimates of oil and gas methane emissions, P. Natl. Acad. Sci.
USA, 112, 15597–15602, 2015.
Atmos. Chem. Phys., 19, 9787–9796, 2019 www.atmos-chem-phys.net/19/9787/2019/
